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11. Heat-Flow Experiment /i

cea . -

The purpose of the hcat-flow experiment is to
determine the rate of heat flow from the lunar
mnterier by temverature and thermal-properiy mea
surements in the lunar subsurface. leat is
ditectly related to the internal temperature and the
rate of internal heat production; therefore, micasurs-
ments of these quantities enable limits to be set on
long-lived radioisotopic abundances (the chiel source
of interior Leating), the internal temperature, and the
therma! cvoluticn of the Moon.

Prelisninary analysis of the data from one heat.
flow probe indicates that the heat flow from depth
below the iladley Rille site is 3.3 X 107 Wian?
(£15 percent). This value is approximately cne-half
the averuge heat flow of the Earth. Further analysis

-of data over several lunativas is required to demon-
strate that this value is representative of the heat flaw
at the Hadiey Rille site. Subsuriace temperature at 2
depth of 1 m below the surface is approxmately
2524 K at one probe site and 250.7 K at the other
site. These temperatures are approximately 35 K
above (e mean surfuce teimperature and indicate that
the therma! conductivity in the surfizal fayer of the
Mcon ic highly temperature dependent. Between 1
and 1.5 m. the rate of emperatute inciease as a
function of depth is 173 Kim (2 centdy ut the
probe 1 osiie. In ositu mcasuenients indicite that the
theumal conductivity of the wegelith increases with
depth. Thermalconductivity values between 14 X
1 and 2.5 X107 Wen-K weie Seienmined:
alues are a factor of 7 to 10 greater than the vilues

loss
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of the sneface conductivity. Lunar-surfuce hrighiness
temperatures deing the first funar night have been

i

e Unversity
CArthur D, Latdiv, fc,
TPrincipal investivator,

(NASA=CR=136268)

(Northwestern Univ.) 23 »p

1-1

HEAT FLOW EXPERIMENT

Marcus G. Langseth, Jr.** Sydney P. Clark, Jr.P Jokn L. Chute, Jr.?
Stephen J. Keilun,* ard Alfred E. Wechister®

deduced from temperatures of llvcrmocmiplcs above
and on the lunar surface. The cooldown iisiory after
sunset swogests that 2 substantial increase in conduc-
tivity occurs at a depth on the order of several
centimeters. Temperature micusuy

recorded during the total eclipse on August 6, 1971,

.
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EXPERIMENT CONCEPT AND DESIGN

Heat Budget in the Surface Layer of the Moen

The temperature and the heat flux at the surface
of the Meon are determined mainly by the solar
energy impinging on the surface during onc-hail of
the 29.5 day Innatisn evele. Puring the lunar day | the
surface iemperature o O Pl v 388 Al
which resuits in hear flow inte the subsuriace. Afte
lunar sunset, the surface temperatire drops to nen
100 K, and heat flows oui of the subsurfiee ana 13
lost by radiation into spyce.. These very 1a
ture cxcursions. in part, are a result of the extramnely
iow thermal conductivity and voitmetric hear ca-
pacity of the fiie rock powders that mantle most of
the junar surfuce (ref. T1-1) and, in part. are a raseit
of the very tenuous atmosphere of the The
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Mcon.
low thermal conductivity of the huth of
{cef. 11.2) strongly inhibus the flow of

andd out of the subsurtace. At a depth of gprroxi-
mately 50 emy, the large surivee varaton of 280 Koy
atienuated to a rearly unactectabic amplitude,

energy inio

At low Juvar laritudes, the surfoce témpernaine,
averaged over one lunation, is appreximately 220 K,
This mean surtace temperature is deicinined by i
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sutface temperature by a few tens of degrees. As will
be shown in more detail later in this section, the
mean subsurface temperature at the Hadley Rille site
is considerably higher than the mean surface tempera-
ture. This increase in mean temperature is a result of
the important role of heat transfer by radiation in the
fine powders on the surface. The efficiency of
radiative heat transfer between particles varies in
proportion to the cube of the absolute temperature

(ref. 11-3); consequently, during the lunar day, heat
C i Y g

flows more readilv into the Moon than it flows out
during the night. The subsurface hezt balance, over

- one lupation, requires that a substandial steady-state

heat loss be maintained in the upper several centi-

meters of lunar material to eliminate the excess heat |

that penetrates during the day (ref. 11-4). This
outward heat flow causes a steep dewnward increase
in mean temperature that extends to a depth of a few
decimeters, the depth to which diurnal waves pene-
tratc.

At depths greater than those to which diurnal
waves peneirate, the thermal regime is dominated by
heat fiow from the lunar interior. This tlow results
frem high interior temperatures and, in the subsur-
face, is directly proportional to the increase of
temperature with depth (the vertical temperature
gradient) and to the thermal conductivity. These
guantitiss are related by the equation

3

P, - -x %L

11-1)
. k- (11-1]

where F_ is the vertical component of the heat flow,
k is the thermal conductivity, T is the temperature,
and z is the depth. The average heut flow of the Earth
has been determined to be 6.2 X 107 W/em? by
numerous measurements (ref. 11-5). Estimates of the
lunar heat flow, based on microwave emission from
the Moon, have ranged from 1.0 X 107 W/em? {ref.
11-6) t0 3.3 X 107° W/em?® (s, 11-7), or one-sixth
to onc-half the Earth heat flow. Thermal-history
caiculations, based on chromdiitic- and  tervestrial-
isotope abundances for tha Moon (ref. 11-8), result in
heat-low esiimates of 1 X 107% o 25 x 107°
Wien? for this period in the lunar history . Because of
the extremely low conductivity of the regoliih. even
these very low heat ows would result in aradients
rangine from a few tenths of o degree per meterto g
few degrees per meter.

Instrument Design

The essential measurements for determining heat

“flow are made by two slender temperature-sensing

probes that are placed in predrilled holes in the
subsurface, spaced appreximately 10 m apart. Two
probes ¢nable two independent measurements of the
heat flow to be made in order to gain some
knowledye of the lateral variation of heat flow at the

- Hadley Rille site. Each probe consists of two nearly

identical 50-cm-long sections (fig. 11-1). Each section
of each heat-flow probe has two accurate (£0.001 K)
diiferential thermomcters that measure temperature
differcnces betwesn points scparated by approxi-
mately 47 and 28 cm. With these thermometers, 2
measurement (with en accuracy of £0.05 K) of
absolute temperature at four points on each probe
section also can be made.

Additional temperature measurements are pro-
vided by four thermocouple juncticns in the cabies
that connect each probe to the clectronics unit. The
thermocecuple junctions are located at distances of
approximately 0, 0.65, 1.15, and 1.65 m from the
topmost gradient sensors (fig. 11-1). The reference
Junction for these thermocouples is thermally joined
to a platinum-resistance reference  thenmometer,
which is mounted on the radiator plate of the
electronics unit. The temperature measurements ob-
tained from the heat-Jow experiment are summarized
in table 11-1. ’

The differential thermometers™ consist of four

platinum resistance elements wired in a bridee con-

figuration (fig. 11-2). The bridge is excited by
successive 2.6-msec, 8-V pulses, first of one polarity
and then of the other. The output voltage, the
excitation voltage, and the bridee current are mea-
sured and used to determine the absolule temperature
and the temperature difference. The ratio of bridge
output voltage to exctation voltage and the biidge
resistance are calibrated for 42 different pairs of
temperature and temperature-ditference values. The
accuracy of tiese calibrations is bewier than the
accuracies speciticd in tabie 11-1. The thermocouples
are calibrated at four temperature points, and the
reference bridge s calibrated ut five temperature
points. '

. Conductivity measuiciments are made by means of

~heaters that surround each of the et gradient-

brides sensors. The experiment is designed to measure
conductivity in two ranges: a lower range of 1 X
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-FIGURE 11-} -Heat-flow experimient and dual-purpose heat-
flow probe. (a) Heat-flow-experiment equipment. (b)
Schematic of heat-flow probe. :

10~% to § X 107* W/ cn-K and a higher range of 2 X
1074 to 4 X 1073 W/cni-K. To enable measurements
in the Jower range to be made, a heater is energized at
0.002 W.and the temperature rise of the underlying
gradient sensor is recorded as a function of time for a
veriod of 36 hr. The temperature rise and the rate of
_temperature rise can be interpreted in tems of the
conductivity of the surronnding lunar material. Mea-
suremcnts in the higher range of conductivities are
madce by energizing the same heater at 0.5 W and
monitoring the temperature rise av the ring sensor i0
cm away for a period of approximately 8 hr.
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Operation of the Expariment wh

During normul operction of the experiment (mode
1 operasion), temperawures of all gradient bridges,
thermocouples, and the reference bridge (as well as
teniperature differences of all gradient bridges) are
sampled cvery 7.2 min. When a heater is turned on at
0002 W 1o enabie measurements to be nade in the
lower conductivity range, the experimeit is said to be
orerating in mode 2. The mode 3 operation s
¢+ - red for the measurement of eonductivity in the
Lihier range. In this mode, temperature and tempera-
tuie difference at a selecied ring bridge are read every
S4 see. These modes of operation wnd heuter turnai
are controlled by commands transmitted from Earth.

The detection circuitry for messuring bridge volt.
2ges and thennocouple outpuis is conteined in a 0
housing semerate from  the Apolio lunar surface
experiments package (ALSEP) central station (fig.
FEI()) and is desipned o compensate fer amplifier
offset and gain chairge. Tius compensation is achieved
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TABLE 11-1.=Summary of the Heat-Flow-Fxperiment Temiperature Mcasurements

Thennometer Numbér Location ‘l‘cmpcruturc:l:’_»r:,"g:’—;fsf:‘r}“_t( solite ump ‘1‘3’.”1(_.15.
Range Accuracy Range | decuracy

Gradient bridge® 1 per-section Sensors separated by £2 - +0.001 190 to 270 +0.05
47 cm +20 +0.01 .

Ring bridge 1 per section Sensors separated by 2 £0.002 190 10 270 +0.05
28 ¢m

Thenmocouple 4 per probe Spaced 65 cm apart in the -- - 70 t0 400 £0.07

- first 2.5 m of the cable ’

above the probe

Thennocouple reference 1 per experiment ;. Mounted on the rudiation -- -- 253 to 363 20.01

bridge plate of the :

electronics box

a(’n’.’:dicnt-brid;;e: measurements of tempciature difference are macde at 2 sensitivities, with a ratio of 10 to 1.

by making all bridge measurements with bipolar
excitation and by measuring the ratio of the output
voltage to the excitation voltage (fig. 11-2).

EMPLACEMENT OF THE EXPERIMENT
AT THE HADLEY RILLE SITE

Drilling of the holes to emplace the heat-flow
proves was more diflicult than had becn expected.
The resistant nature of the subsurface at the Hadley
Rille site prevenied penctration to the planned depth
of 3 m. lInstead, at the probe 1 site, the borestem
penetrated 1062 m (fig. 11-3); and, at the probe 2
site, the porestem penetiated appreximately 1.60 m.
. The configuration of the probe in each hole is shown
in ficure 11-3. An cbstruction, which was prob-
ably a bresk in the stem at a depth of approxi-
mately 1 i, prevented probe 2 from passing to
the bottom of the borestem. Because of the very
large temperature differences aver the upper section,
which exiends above the surface, no valid tempera-
ture measurements were obtomed by the ring and
gradient biidges on the probe 2 upper section duru
most of the funation cycle.

The shallow emplaceiceni of the probes resulted in
five of the cable thermocouples lying on, or just
above, the lunar surfuce. These cable thermocouples
come into radwtive balunce with the lonar suiface
and space, and the measured tamperatures can be
interpreted in terms of linar-suface brivhtiness wm-
peratures. A sinth thermooouple s in the borestem

projecting above the lunar surface at the probe 1 site.

When this section was written, surface-temperature
and subsurface-temperature data had been recorded
for nearly on¢ and a hall {unatiion cycics. During the
first lunar-noon {August 6), a full cclipsc of the Sun
by the Eurth occurred. The thermocoupies recorded
surface-temperature data at 54-sec nnx.;vals during
this eclipse. Six in situ conductivity weasurements for
the low range of values also have been conducted.
Only three of these meuasurements are reported
herein.

SUBSURFACE TEMPE RATURES

The surface-temperature measurements during ihe
lunar night and during the August 6 eclipsc indicate
that the surface laver surrounding the probes has an
extremely low thennal conductivity, ihe subsurface
measurements geveal that  the conductivity must
increase  substentially  with depth, and values of
approximately 1.5 X 107 W/iem-K are found at a
depth of I mi. With these values of conductivity, it is
unlikely that any measurable time variation of tem-
perature us a result of the ditaal eycle existed at
depths below 50 cm before the borestam ana the heat
probe were emplaced. However, after emplacenient,
the relatively high ‘thermal conductarce of the bore-
stein and the radiative transfer ulong the inside of the
stem allowed surface-temperature varitions to pene-
trate to greater depthis, After severad lunations, a pew
periodic steadystate conditicn will be established
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HGURE 11-3.~Panorama of the heat-flow-experinient emplacement site (composite of photographs
AS15-87-11847 und AS15-87-11848) and a cutaway diawing of the heat-probe and thermocouple

Iccations.

arcund the boresiem; initially, however, the borestem
and probes will equilibrate toward temperaturas that
existed in the subsurface before emplacement. By
-applying the theory of the cooling of a cylinder,
which is discussed in the appendix of this section, it is
possible to deduce the undisturbed temperature
-piofile at depths where diurnal variations are ncg-
ligible and to obtain some estimate of the thermal
propertics of the yegelith from the first few hundred
hours of cquilibration.

The temperature histories of all subsurface ther-

~mometers and the evolution of the profiles of

temperature as a function of depth for probes I and 2
are showa in fisures 11-4 and 11.5, respectively. All
sensors initially cooled wvery rapidly, and those

~sensois at depths greater than 0.7 m coniinued to

cool monotonically with time and were still cooling
aftc: 300 hr. The thermometers at depths less than
0.7 m responded to the high temperatures of the
borestem projecting above the suiface. The tempera-
ture in the top of the probe 1 borestemn, which is
projecting above the surface, was 348 K at junat
noon. As shown in. figure 11-5, an obstruction
prevented heat-flow probe 2 from passing to the
e hole; consequently, the platinum-
resistance thermometers in the top section are not on
scale. The cooldown duration of probe 2 s longer
than that of probe I, probubly because of the lower

conductivity material surrounding the borestem and
the higher initial heat input that rtesulted from
extended drilling.

Extrapolation to Eauilibrivm Valyos

To extrapolate the sensor temperatures to equilid-
rium values, the first-order approximuiion of the

long-term solution of the cooling-cylinder problem

T-Ta / qake \7?
2. (112)
Ty - Tw s1 S,

is used, wheie T is the absolute temperature of the
probe in K, 7 is the true equilibrium temperatnre of
the probe. und Ty is the probe initial temperature;
and where Sy and S, are the thermal heat capacities
per urit length of the inuer
respectively, v Wasee/om-K, and 718 time 11 seconds,
A more complete discussion of the derivation of
equation (11-2) and definitions of the variables can
be found in the appendix of this section,

I an mitial estimate of the equitibrium tempera-
e 70, s made, it can be shown that the error in the
estimate § is given by

and outer cyiinders,
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— (11-3)

where v, =7, =T vy =T; ~ T/ and T, and T,
are two temperatures sclected from the long-term
cooling history at times ¢, and 1, respectively. Thea
the true equilibrivm temiperaiwe is simply T, t8.
The equilibrium temperature determined in this way
is indcpendent of the initial-temperature estimate,
The equilibrium temperatures for all sensors not
affected by the diurnal variation are shown in table
111 The values also zre plotted as functions of
depth in figures 114 and 11-5. The accuracy of these
equilibrium temperatures is 20.05 K.

At the probe | site, the subsurface temperature,
which increases regularly with depth, is approxi-
mately 252.0 K at a depth of 80 ecm. The increase
along the lower 60 cm of probe | is approximately 1
K. For probe 2, the temperature at a depth of 80 cm
is approximately 250.5 K. The two probe 2 sensors
that are unatfected by the diumal variation: indicate
an increase in temperaiure with depth at a rate
comparzble to the rate detected by the probe |
sensors. This Bradient in temperature is a result of the
outward flow of heat from the Moon.

Equilibrium Temperature Differences Along
the Heat-Fiow Probes

The gradient and ring bridges enable measurement

117

of temperature differences between points 47 ¢m and
28 cin apart on the probe with an accuracy ot £0.001
K, which is far greater than the accuracy of thic
absolute-temperature measurenients. An analysis simi-
lar to that used for the equilibration of the individual
sensors can be used to extrapolate the temperature
differences to equilibrium values, By using the first
term of equation (11-13) in the appendix, the
equiiibrium temperature difference AT between tvo
points on the probes is given by the expression

ATy - AT, =

1
ATy = —— (11-4)

where AT, and AT, are temperature differences
measured at times ¢, and t,, respectively. Equation

114 is valid only for very long times (¢ > 300 hr);
conszquently, only those differential thermometers
thot have not been affected by the diurnal variations
in the first faw hundred hours of observation can be
used in this analysis. )

. The only differential thermometers that have not
been affected by the diurnal variations are those on
the bottem section of probe 1. The calculated
equilibrium-temperature difference across the gradi-
ent bridge on the bottom section of probz 1 is 0.779
K and, across the ring bridge, 0.483 K. These results
can be interpreted in terms of the temperature

difference between adjacent points on the borestem
wall by taking into account the effeci of madiative

TABLE 11-H.—Lunar Conductivities Deternmined £From Heat-Probe and Cooldown Histories

r Equilibriuin l Minimor:.conductivity case Maximum-condiec tivity cuse

Sensor Depii, | tempcratiure, rﬂﬂmmﬁhﬂ?frb?d}iza conductivity, | Initial temperature, | Deduiced conduciivity,
e K ! K W/iem-X K Wiem-K

7 7
TGI1B 83 | 25196 315 0.8X 10 3435 1.5 x 107+
TR22A | 87 | 25053 2323 Li .- -
TC12A 91 25228 317 1.2 349 1.7
TG228 1 96 | 25070 323 1.2 - .-
TRizA L 100 ¢ 235240 317 1.2 349 17
TRI2B © 129 | 25287 313 1.9 349 29
16128 | 138 | 25300 313 2.1 349 33

3The borestem at the probe 2 site wis drilled down epproximately 1 m during the first extravehicular activity (EVAY. During
EVA-2, 22 hr later, the borestem was deilted an additionad 3 to a depas of approximately 1.5 m, Fhe initud tempetatate was

estimated by calcutzting the eouvtdown from the preemiplacement temperaiure for 22 hir between the EVA pericds sad adding the

additional bheat of Jdeillhy during EVA-2. This procedure resuited in an estimate of initial temperature (323 K very close te the

value determined by extrapolation of temperature dataan the Ist hour afier-insertion,
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Note: X indicates a calculated equilibrium temperalyre

of the five senscrs unalfected by the
diurnat variations during the first lunatien.

0 Lunar surface

66hr 2N Hne mne g

256

Note: The uppermost sensors, TG11A and TRIWA,
responded to the temperature variation at the top
of the borestems, while the cltier sensors
did not scem lo te affected.

Temperature, °K

Y S Aug. § eclipse begins
-
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Time after empiacement, hr

FIGURE 114.-Temperature historics of the sensors on heat probe 1 during the first 300 hr after
emplacement. The subsurface scometry of the probe ard temperature as a function of depth are
shown on the left. Temperature as a function of time is shown on the right.

Note: X indicates a calculated equilibrium
of the two bottom sensars, which

were unaffected by the diurnal variations
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TABLE VYA Summary of Equilibrium-
Temperarure-Difference Measurements
and Subsurfuce-Temperarure Gradicnt's

Equilibrium Lunar
Differential tempereture differcnce, K temperatn e
thermorieter grudien?,
Probe Rorestem Kim
Gradicnt bridge u.779 0.819 1.74
Ring bridge 483 .502 1.77

coupling between the walls und the probe and the

- finite axial conductance of the probe. The tempera-
ture diffcrence over the probe is alwavs slightly less
than the temperature ditference between the adjacent
points on the borestem. The ratio of the two, which
is called the shorting ratic, was determined experi-
mentally in the laboratory for cach section of the
probes. The temperature differences at points in the
borestem adjacent o the differential thermometers
after the shorting ratio has been applied are listed in
table 11-111.

The relatively high axial conductance of ihe
borestem results i some axial shunting of the
.steady-state heat flow; therefore, to determine the
undisiurked gradient (i.e., the gradient at large radial
distarices from the borestem), some correction nust
be made. The shuniing effect can be estimated by
modeling the borsstem as a prolate spheroid sur-
rounded by a medium with u lower conductivity. By
using an cffective axial conductivity of 2.3 X 107*
W/em-X for the borestem and a lunar conductivity of
1.7 X 107 w/em-K, the model indicates that a
plus-t-percent correction should be applied to the
borestein temperature gradients. This correction has
been anplicd to the temperaturc gradients listed in
table §i-ill. .

Diurnal Temperature Variations

Variations in temperature synchronous with the
solar phasc were observed at depihs as great as 70 cm
during the first one and a hull lunations after
emplacemicnt, The temperature variations measured
by probes T and 2 are shown in figures 11-6 ond 11-7,
respectively. The  peak-to-peak amplituds of the
variation at the top of probe 1is approximutely 6 K.
a 43-to-1 attemuation of the 260 K temperature
excunsion messured in the purt of the borestenn that
projects above the funur surfuce. The ging sensor
TRITA, which is tocated 9 i below the wp of e

probe, measured variations with a 2 Kamplitude. The
sensors vn thie lower section of probe 2 that detected
variativtis are sotnewhat deeper (49 and 58 o) and
recorded correspondingiy smaller amplitudes. There
are two interesting teatures of the observed varia-
tions. The phase shift of the peaks is exticincly small,
in view of the lirge aitenuation factors. and- a
considerable  portion of the high-frequency com-
ponent of the solar radiation penctrates to these
depths, as indicated by the rapid rates of tempeiature
change at dawn and sunset. These features suggest
that much of the heat transfer 1o the probe occurs by
dircet radiativé exchange with the upper part of the
borestent. The thin, aluminized Mylar disk that is
located on top of cach probe as a radiation shicld

- apparently does not prevent significant radiative

excliange between the top of the probe and the lunar
surface. . : '

‘The heat exchange during a lunation cycle is very
complex, because the borestem conducts heat from
and toward the lunar surface more efficiently than
the regolith material. Thus, the low nighttime tem-
peratures penetrate downward along the borestem.
which enjarges the low-tempersture area viewad by
the top of the probe and, hence, increases the heat
loss from the probe to the surface. A similar, but
opposite, effect occurs during the day. This phenom-
enon miay, in part, exploin the usymmetiy of the
plots of tlemperatiiic as a function of time.

Diurnal temperature variations that propagate
aleng the borestem have an important effect on the
mean temperature in the borestem. Because the
conductivity of the borestem is not as femperature
dependent as the adjacent lunar material, heat will be
lost more readily along the borestem at night,
Consequently, the heat buiznce over a full lunation
will require that the borestem, to depths that diurnal
variations penetrate, have a lower mean temperature
at a given depth than the regolith. Thus, a net coeling
of the borestem in the upper meter can be antici-
pated, which is an cftect thut is 2lready apparent &
the substuntial decreese in peak temperature dGuring
the sccond lunation. Comparisons with the cooling
curves of deeper snsurs show that this dirfeience
cannct be explained by ceoling from initial tempera.
tures alone. This cooling cifect results in 4 arsdicing in
meait temperature in the upper meter ot the borestem
that is unrelated to the Feat Dow trom the futeno,

It is essential to note that the mean temperaturds
and temperature differences in those sections of tuge
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FIGURE 11-6.—Temperature as a function of solar phase :;.ngle for probe 1sensors TR11A and
TGI11A (the sensors that detect diurnal variations) for the first ong and a ha!f lunations after

emplacement.

borestem that see diurnal variations cannot be used to
determinc gradients related to the heat flow [rom the
Junar interior until the effect of temperature-
- dependent conduction in the borestem and the
surrounding lunar material is analyzed and the effect
quantitatively determined. Such an analysis is beyond
the scope of this peoeliminary report, but the analysis
will be made on future subsurface-temperature data
after the upper part of the borestemn has equilibrated
nearer to the mean periodic steady-state temperature.
This analysis will add two independent measurements
of neat flow to the iesult aiready reported here.

Implications of the Large Mean-Temperature
Gradients in the Uppar 50 cm at the Hadley
Rille Site

By using a finiteifterence model to genciate
daytime lunorsuiface temperatures (which depend

almost exclusively on the solar flux) and by using the
reduced thermocouple temperalures to obtain luna-
tion nighttime surface temperatures, a mean lunar-
surface temperature of 217 K (23 K) was obtained.
This result indicates an increase in mean temperature
(35 K higher than the mean surface temperature) at
depths beyond which the diurnal variation penctrates.
This phenomenon can be explained in terms of a
strong iemperature dependence of the thesmal con-
ductivity, which previously has been invesiigated by
Linsky (ref. 114) and others. Becauss of the near
lack of an atmosphere on the Moon, radistive trapsfor
of heat between and through particles of the lunar
fines can contribute significantly to ihe effzctive
thermal conductivity. This temperature<topendent
conductivity hus been found to obey a relation of the
form (ref. 11-3)

MT) = k, + kT3 (11:5)



k,T3 represents the radiative exchange between and
through particles. Linsky (ref. 114) has used com-
puter models of the lunar surface to evaluate this
effect in the absence of a steady-state heat flow. By
inlerpolating.from these models, the relative contni-
butions of the conductive and radiative terms can be
estimated. For a difference of 35 K in mean
temperature between the surface and depths at which
no significant time variations of temperature exist,
the ratio of radiative to conductive teris is appruxi-
mately 2 at a temperature of 350 K. The relatively
small steady-state gradient (1.75 K/m) produced by
the measured steady-state heat {low will have only a
slight effect on this ratio. Conductivity sncansireinents
have been performed for a wide range of wmpera-
tures on returned lunar sumples from the Apolto 1]

and 12 missions (ref. 11-9). The resulis also indicate

the significant temperature dependence of cendue-
tivity, For Apollo 11 and 12 samples, the data cited

3
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FIGURE 11-7.—Temperature as a function of solar phase angle for probe 2 sensors TR22A and
TG22A (the sensors that detect diurnal variations) for the fiist one and a half lunations after
emplacement. : ’
where k_ is the contribution from conduction and  in reference 11-9 indicated that the ratios are 0.5 and

1.5, respectively. The conductivity of the moye highly
temperature-dependent lunzr fines from the Apollo
i2 site scem to be morc comparable to the upper
regolith conductivity at the Hadley Rille site. Further
refinement of surface-thermocouple data, combined
with a more accurate determination of conductivity
as a funciion of depth and direct nicasurements of
the conductivity of returned Apollo 15 samples, will
result in the first directly measured profile of regolith
conductivity to a depth of 1.5 m.

CONDUCTIVITY OF THE REGOLITH

Preliminary Deductions from the
Heat-Flow-Probe Histories
Tiie rate of equilibration of the probes deperds on
the therma! diffusivity k of e surrouading funar
material, the ratio o of heat capacity per nait volume
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of the lunar material te the heat capacity per unit
volume of the hcat probe, and the contact con-
ductances M, and I, , where

a=2rb%oc/(S; +52) .

¢ = heat capacity per unit mass of the surround-
ing lunar material, W-sec/cm-K

p =density of the surrounding lunar material
g/cm?

H, H, = contact conductances of the inner- and
outer-cylinder boundaries, respectively,
W/em?-K :

A morc complete discussion can be found in the

appendix of this section. By using an estimate of the

volumetric heat capacity of the lunar inaterial pc, a

value for a can be determined, because the thermal

properties of the probe and the borestem are known.

From an analysis of the cooling history of the probes,

an estimate of the diffusivity, and, thus, the conduc- .

tivity, can be made. Measurements of the heat
capacity of samples that represent a wide range of
lunar rock types result in very uniform values (ref.
11-10). The density of the regolith material is quite
variable; preliminary measurements of samples taken
by core wupes at the Hadley Rille site result in values
that range from 1.35 to 1.91 g/cm®. At the depth of
the probes, the densities are probably near the high
end of this range and not so variable. For the analysis
described in this section, a density of 1.8 g/cm® and a
heat capacity of 0.66 W-sec/g-K have been assumed.
It is not possible to determine a value of x from
the ratios of temperatures at various times duning the
cooldown, because, as the long-term solutien indi-
cates, the temperature ratios depend solely on the
ratio of the times. Bullard (ref. 11-11) has pointed
out this property of cooling cvlinders in his dis-
cussion of sea-floor heat-flow measurements. To
estimate a value for k, the initial temperature must be
known. Estimates of the initial temperature can be
made by sxtrapolating data recorded soon after the
- probes were inscrted to the time the borestem was
emplaced. This estimate is considered to be a mini-
mum value, because cooling during the first several
minutes is fusier as a result of enhanced radiative
transter at high temperatures. Alternately, the as-
sumption can be made that thic initial temperataze 's
the temperature of the borestem before emplace-
ment, plus some estimated temperature rise asa result
of the heat praduced during drilling, Temperutures
recorded before,emplacement by probe 2, whici wes

stored temporarily in the drill rack between EVA-]
and EVA-2, wer  used as ‘estimates of the borestem

temperature before emplacement. The temperature

rise that resulted from drilling is estimated to be i5
K/min, based on estimated torque levels. The initial-
temperatuze cstimates based on these assumptions are
considered to be maximum estimates.

The cooling histories of all subsurface sensors that
are not affected by diurnal variations were analyzed
to determine the conductivity of the surrounding
lunar material for the two limiting estimates of initial
temperature. By using the equilibrium temperature
T‘?o for each sensor, the ratio (T-T_)/(To—T,) was
determined for the first few hundred hours of
equilibration. A typica! plot of this ratio as a function
of time is shown in figure 11-8. The procedure for
determining conductivity is to make an initial esti-
mate of the parameters /1 and A, where

h=k[bH,
A =8 [b2(S, +S;)
Y=3S,/2nal,

a = radius of the inner cylinder (heat-flow prebe)
in centimeters
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Then, by equating obscrved temperature ratios for
several times in the cooling history with the ratios
compuiced from cquation (11-12) in the appendix, a
value for the dimensionless parameter 7 can be found
that correspeads to cach time. Once a value for 7 is
known, & can be determined from the relation 1 =
kt/pcb?®. The conductivity value determined for a
large value of 7 will be the most accurate, because, at
long times, f(4,h,«,7) is ncarly independent of 4 and
A, where f{4,h,a,7) designates the right-hand side of
equation (11-12) in the appendix. By using this initial
long-time estimate and comparisons of obscrved and
computed ratios at early times, a best value of k and
H, can be determined with two or three repetitions
of the procedure.

Theoretical curves fitted to the data obtained frcm
sensor TG12A by this procedure and ratios for both
limiting initial-temperature estiimates are shown in
figure 118. The parameters h and A have been
chosen to fit data for times greater than 6 w0 8 hr.
The theoretical curve at earlier times lies well above
the observed data; however, it is not possible 1o find a

‘value for H, to fit data obtained at times earlier than

6 hr without degrading the fit at later times. To
obtain the most accurate value of &, the curve must
be fit to the data for jarge values of 7.

In wble 1111, the maximum and minimum con-
ductivity values determined by the procedure are
shown arranged in order of increasing depth. The
conductivities that were determined for minimum
and maximum initial-temperature estimates differ, on
the average, by S0 percent. The more accurate
conductivity measurements, which were made by
using the heaters that surround the gradient sensors,
resulted in values that lie within the ranges listed in
table 11-11{.. The deduced cenductivity values are
considerably higher than the value obtained {iom
measurements on returncd lunar fines. The value for
the returncd lunar fines is approximately 2.2 X 1073
W/em-K at 250 K (ref. 11-12). The higher con-
ductivity volues that were obtained may be represent-
ative of fragmental regolith material in a more dense
and compressed state than the surface fines.

.

~In Situ Measurements

Six in situ conductivity measurenients in mode 2,
which is the low-conductivity mode, were conducted
2t the end of the first lunar night and during the first
hatf of the sccond lunar day. The two Licaters on the

upper scction of probe 2 were net turned on becaase
the gradient bridges were off scale. The mode 2
measurements indicated the subsurface conductivity
to be in the lower range of measurement and, in
addition, showed that a substantial contact resistarice
exists between the borestem and the lunar materiai. A
decision was made, therefore, not to run the mode 3 -
(Lish-conductivity mode) measurements at this time
because of the possibility that the gradient sensors
might reach temperatures potentially dangercus to.
the sensor calibration. Mode 3 measurements are
planned at some future time after the eflects of
heater turnon are ¢xamined by using the conduc-
tivities determined {rom tiie mode 2 results.

Three of the conductivity mcasurements have been

analyzed. Two of these measurements were obtained

by the use of heaters on the [ower section of probe 1,
the section across which the best temperature gradi-
ent was determined. The third mcasurement was
obtained by the use of the upper heater on the lower
section of probe 2.

The interpretation of the response of the tempera-
ture-zradient sensor to heater turnon, in terms of the
lunar conductivity, is accomplished by using a de-
tailed finite-difference model (ref. 11-13). A simple
analytical model of the gradient-sensor long-ieria (¢ >
20 hr) performance deduced {iom the experimental
data and the finite-difference models will be briefly
discusscd in the following paragraphs.

The temperature increase as a function of time at a
given heater-sensor location upon heater turmnon
depends on the quantity of heat generated and tlie
rate at which the generated heat can diffuse outward
from the heater source. This rate will depend on the
thermal properties of the material that surrounds the
souerce. The heat will propagate axdally along ihe
probe and radially from the probe to the drill casing,
across the contact-resistance layer outside the casing,
and into the lunar medium. Both radiative tronsicr
and conductive transfer are involved in the dissipation
of heat. Shortly afier -heater turnon, the rate of
temperature increase at the gradient sensor will
depend primarily on the thermal properties of the
probe and the borestem in the immediate vianity of
the heater and on the resistive gaps between the
probc and the borestem and between the borestem
and the lunar material. As the near-sensor probe parts
and the borestem temperature increases, a tempera-
ture drop is established across the resistive gaps. When
this tempaiature difference builds to a relatively farge
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value, heat will flow out from the boresten, across

the contact-resistance pap, and into the medium; and
the rate of temperature increase at the sensor will
level off. At long times (times greaier than 1000 min
in this experiment), the temperature increase Av(r),

‘measured at the scnsof, closcly fits a rclation of the

form
Av(t) = Cyln(t) + Cy (116)

where C; and C, are coustants that depend on the
contact conductances A, and £/, and the properties

of the lunar material. The finite-difference thermal
medel Of the probe in the lunar material shows the

same long-term characteristics. This relationship has

the same form as the long-tcrm solution to the

problem of a uniformly heated infinite cylinder (ref.
11-14). As in the case of the long-term soiution for a
cylinder, it has been determined from the finite-
difference models that, at lonz times ufter heater
turnon, tlie constant C,; is almost solely a function of
the conductivity of the surrounding material and the
heut input. Thus, the slope [As{)- A(2,)]/In(1: /1)),
for times greater than 1000 min, is a sensitive
measure of the conductivity of the surrounding
material for a constant heat input. Plots of tempera-
ture increase as a Tunction of time for the three
conductivity measurements zre shown in figure 119
and compared with best-fitied theorctical models.
The magritude of temperature increase at any

~time greater than 0.5 hr after heater turnon is very

sensitive to the magnitude of the contact con-
ductance /7;. The value of the contact coaductance,
however, has no detectable effect on the slope of the
curve of Av as a funcion of In(s) at long times;

* therefore, the determination of a value for X can be

made independently of M, by matching slopes at
times greater than 1000 rin. By using this value of &,
a value for £/, was deteunined by varyin'g H, in the
finite-diffe,ence modeis until the experimental curves
of Av as a funcuion of ¢ wore bracketed within a small

. tolerance. Examples of models that bracket the

experimental curves of the three in situ experiments
are shown in figure 119, .

A rathe: accurate dewrmination of the conduc-
tivity of the lunar subsurfiice material that surrounds
cach heater location can be made. For example, at
heater location 1123 (the location of sensor TG22A),
the long-time slope data could bhe brackcted by
madels of £ = .3 X 16~ undk =14 X 107" Weni-

|
|

K. A lincar interpolation between these models
resulted in a value kK = 1.37(2002) X i07* W/ eui-K.
However, the assumption cannot be made that the
models represent the physical situation this accu-
rately; a value k = 1 4(20.1) X 10™* W/em-K would
be more realistic. Further examination of the effects
of the errors introduced by the assumptions about
the model parameters (probe properties, heat-transfer
linkages, etc.) must be made so the actual pracision of
the & values can be determined. Fromn previous
limited parametric studics, a range of %10 percent
should represent a maximum bound in the error of
the k-value determinations.

The best determinations of conductivity values are
listed in table 11-IV. ‘As shown in the table, the
conductivity determinations from the heater experi-
ments fall within the range of the & predictions of the
initial probe cooldown analyses and indicate a sig-
nificant increase of conductivity with depth.

The contact-conductance values determined from
the in situ measurcments vary. The contact con-
ductance probably corresponds to 4 thin zone around
the borestern that is filled with lunar fines. if the
assumption is made that these fines have a conduc-
tivity of 2 X 10~% W/em-K, which is similar to the
conductivity of the surface fines, the widths of the
disturbed zones would be 2.7, 20, and 1.3 mm for
the locations of sensors TG?2A, TG12A,and TGI12B,
respectively. The larger value of /7, at the location of
sensor TG12B might result from greater compaciion
of the fines, rather than a thinner zone. The thicker
disrupted zons around probe 2 may have resulted
from the longer period of drilling.

STEADY-STATE HEAT FLOW FROM THE
LUNAR INTERIOR BELOW THE
HADLEY RILLE SITE

The conductivity of the regolith is shown by the
measurements rcturned from the experiment to be
significantly variable with depth over the lower
section of probe 1. To compute the heat fiow {rom
temperature differcnces over a finite depth interval,
the thermal resistunce must be known. The thermal
resistance can be calculated from the equation

x2
. B dx
hxl"xz = '}—ea—) (ll~7)
xn

where x; and-x, are the end points or the interval,
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FIGURE 11-9.~Temperature ircrease as a function of time aftzr heater timnon for heaters located at
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shown for each of the three heater locations. Temperature increase as 2 function of time after 1600
“min is shown in the inset on an expanded scale. The solid lines in the inset are besi fitting

computer models.

TABLL 11-IV.—Conductivity Determinations From
in Situ Expcriments

. Contact conductunce
Heater { Denth, | Thermuil conductivity, of the borestern,
sensor} ¢m k., Wem-K H,, Wicm*-X
TG22A 49 1.400:0.1.H) x 104 0.7 x 10
TG12A 91 1.70(:0.17 1.0
TG12B} 138 | 2.50(¢025) 1.5
—_ -

Thus, for the flux to be deterinined, k-value variation
in the interval bewween the gradient sensors, which

are located at depths of 91 and 38 cm, must be.

known. Accurat¢ measurements of & were made only
at the end points; however, a constiaint cun be

applied on the variation with depth fromn. the ratio of
the temperature differences measured by the ring
bridge and the gradient bridge. If the heat flow is
uniform with der:th, the constraint re.juired by the
ratio of tempcrature differences is

129
dx
0 k(x) AT
el = ;.‘,gf‘ig_ = 0.613 (11-8)
133 Al gradient
dx
k(x)
9

Three possible condiictivity profiles are shown i,
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- figure 11-10. Profile B is based on the trend of
conductivitics frem the cooldown curves and obeys

the constraint of equation (11-8). Profile A also

obeys the constraint of equation (11-8) but includes a
uniform conductivity of 1.7 W/em-K to a depth of
“136 cm and, then, a thin layer with a conductivity of
25 X 107* W/cm-K in which the bottom sensor is
embeddcd. Profile A would result in a lower limit for
the heat flow; profile C indicates a uniform increase
in conductivity over the probe section. Profile C docs
not obey the constraint of equation (11-8), but
defines an upper limit for the heat-flow value. The
trend of conductivity up to a.depth of 50 cm that is
“indicated by the probe 2 measurement makes cases

with higher conductivity than shown in profile C

unreasonable. Based on these three profiles shown in
figsure 11-10, the temperature difference over the
lower scction of probe 1 results in the heat-flow
values listed in table 11-V. The uncertainty of the
conductivity measurements (210 percent) should be
considercd as error bounds on each of the heat-flow
values listed in table 11-V.

Analysis of data obtuined during a full year wil
enable the previous determinations to be refined
considerably. In addition, a comparison of the value
obtained from the bottom section of probe 1 with
the values obtained from the upper section of probe 1
and the lower section of probe 2 can be made ouce an
analysis of the effects of the diurnal variations has

- been completed.

© Values determined by the
in situ experiment
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FIGURE 11-10.-Conductivity as a function of deoth, with
three possible condictivity profiles (A, B, and ) (table
11-V).
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TABLE 11.V.- Heai-Flow Dutu Obtained
From ‘thc Lower Scction of Probe !

Profile t l‘;‘:; c]} :;w’ Cominent
A 299x 104 Lower limit
B 3.31 - - Best value
C 3.59 Upper limit

SURFACE TEMPERATURES DEDUCED
FROM THE CABLE THERMOCOQUPLES

Of the eight thermocouples designed to mcasure
the temperature profile in the upper 1.5 m of the
heat-flow borehole, six presently measure tempera-
tures that may be used to deduce the variation of
iunar-surface brightress temperature thioughout the
lunation period. Of particular intcrest is the determi-
nation of temperature during total eclipses and Junar

"nichts, which are measurements difficult to obtain by

Earth-based telescopic observation. The thermo-
couples in the cable of the heat-fiow experiment,
lying on or jusi above the Junar surface, provide a
means by which these measarements can be obtained
at a sempling rate previously unattainable (one
measurement set each 54 sec).

During the lunar night, the thernmocouples come
into radiative balance with the lunar surface and
space. To determine the reiationship between the
cable temperature and the lunar-surface brightness
temperature, the heat balance for a small cylindrical
cable element of radius « and length dl can be

‘considezed. The heat balance for such an cloument

arbitrarily oriented above the lunar surface during the
lunar night can be represented by

4 9T¢
FC-MZ"’“"'“CIN‘M" Ty - 2nadhca'l‘c‘ - Vpe a = 0

(11-9)

where the first term is the encrgy received by the
cable element from the Moon per uait time, the
second term is the cncrey lost from the cable element
per unit tiine, and the third tam is the cnergy
required to change the temperatunre of the cuble
clement per unit time; and where

Fopg = view factor of the cable element to the
lunar surface
o = Stefun-Bolzmann constant (5.67 X 10~°
W-see/m?-K)
€y Tunarsuiface emittance
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€ = cable-clement emittance
@, = cable-element infrared absorptance
- ¥V =cable-element volume
pc = volumetric heat capacity of the cable ele-

ment
T,, =lunarsurface brightness temperature
T,  =cable-clement temperature

For €,, = I and a flat lunar surface, equation (11-9)
reduces to

1 oT

T4 apc 'aTC + 2, TS) (1110)

ik \ ¢

. 3 :
The term-a%‘ BTC,which accounts for the thermal

-time constant of the cylinder, is retained only for
eclipse calculations, because the constant is on the
order of minutes.

The crientations of the thermocouples that are
outside the borestems are unknown. The time at
which a given thermocouple reaches the maximum
temperature and the value of that maximum are
strong functions of the orientation of the cable
section in which the thermocouple is embedded. This
effect, which is shown in figure 11-11, is a result
primarily of the variation in the incidence angle of
the solar radiation; thercfore, lunar-surface brighiness
temperatures deduced during the lunar day are
“subject to error that results from the orientaticn
unicertaintics.

For the calculation of the lunar-surface brightness
temperatures, the assumption was made that the view
- factors from the cable to space and from the cable to
the surface are identical. The irregutar horizon
formed by the Apennine Mountains increases the
effective view factor to the lunzr surface, and the
view factor to spacc is reduced correspondingly.
Some of the thermocouples may be close eaough to
the surface so that local topographic irregulurities
affect the horizon seen by the cable. For a 10-percent,
increase in the effective view area to the topographic
surfuces, the caleulated surface brightness temipera-
tures would be reduced by 2.25 percent during the
lunar night. ' ’

A moie serious errof in lunar-night calculations
results from the uncertainty in the values of dhe cable
absoiptance and emittance. For the tempeiaiuies
given in figuve 1112, the emittance-to-absorptance
ratio was assumcd 1o be unity. A 20-percent increase

11-17

in this ratio would result in an increase of 4.5 pereent
in the caleulated value of the surfice brightness
temperature. A value of 0.97 was chosen for both the
cable infrared emittance and absorptance, where the
assumption was made that the sections of cable in
which the thermocouples are embedded are covered
by a significant amount of lunar-surface material,
Photogiaphs show that most of the cable arcas are
coated with lunar material.

The surface-brightness-temperature history for the
first lunar night, as deduced from thermocouple
temperatures, is shown in figure 11-12. A very rapid
cooling of the surface is indicated for the first 80 hr
after sunsct; subsequently, the rate of cooling slows
significantly. A cooling curve (ref. 11-15) based on
astronomical observations at two different latitudes is
shown for comparison. Twe theoretical curves based
on finite-difference calculations of thermal models of
the lunar surface and subsurface are also shown.
Curve A, which is derived from a model with a lincar
conductivity increase starting at a depth of 8 cm
(inset, fig. 11-12), duplicates the rate of cooling for
times greater than 80 hr, whereas curve B, which is
based on a temperature-dependent-conductivity
model (ref. 11-12), duplicates the earlier part of the
observed curve. For both models, the heat capacity
was aefined by the following eauation (from ref.

11-16) .

oT) = -0.034T1/2 + 0.00ST - 0.0002T73"2
(11-11)

The assumed densities are 1.2 g/cm3 for curve A and
1.0 g/em? for curve B.-The flattening of the observed
curve could, in part, be a resuit of a significant
increase in density in the upper several centimetess.
The temperature dependence of conductivity that
is indicated by the cooling curves is in agreement with
the large increase in mean temperature dascribed
previously. The substantial increase in conductivity
and density with depth that is suggested by the
flattening of the cooling curves is in agrecment wirh
earlier conclusions that were based on astronomical
obscivations (e.g., ref. 11-16). The mechanical prop-
erties of the soii measured near the Apolio 15 ALSEP
site 1evealed that the shear strength increased rapidiy
with depth in the upper 20 cm (sec. 7). This increase
in shear strength probuably is refated 1o 2 near-surface
density gradient.
 Surface brightness temperatures during the umbral
stage of the August 6 eclipse were deduced from the

\
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FIGURE 11-11.~-Thermocouple iemperatures as functions of time for the second lunar day.
“Thermocouples TC12 and TC13 measure the yrobe 1 .cable temperatures; TC22, TC23, and TC24
mcasure the probe 2 cable teinperatures;and TC14 measures the probe 1 borestemn tempziature.

thermocouple temperatures. For these calculations,
the thermal time constant of the cable must be
considered. The thermal mass of the cable per unit
length in which the thermocouple is cmbedded was
_estimated by swumming the properties of the 35
conductors. Uncertainties result from the fact that
noise in the thermocouple measurements makes an
accurate determination of the slope difficult. A
sample of thermocouple data for the later part of the
umbra was reduced vy determining tiic rate of change
. of the cooling curve by graphical techniques. These
very preliminary results indicate that the umbral
temperatures reached at the lunar surface correspond
well with the temperatures predicicd by the theoreti-
- cal curve based on the relationship between condus-
tivity and temperature for hunar fines (ref. 11-12),

In summary, the surface-temperature data for
lunar night and the umbral part of the August 6
eclipse support the conclusion that the npper few
centimeters of the lunar-surface niaterial have a

thermal conductivity-versus-temperature relationship
similar to that found for samples of lunar fines
measured in the labotatory. The lunar nighttime
observations revea! u substantial conductivity gradient
with dcpth that probably results from increasing
material density with depth.

DISCUSSION OF HEAT-FLLOW-
EXPERIMENT RESULTS

Local Topographic E ffects

The heat-flow determinations at the Hadley Rille
site arc susceptible to 4 number of distwibances.
Corrections for some of these disturbances (such as
the thamal perturbations caused by visible topo-
graphic features) can readily be made with sutficient
accuracy, bu! other disturbences may result from
refraction associated with sloping interfuces between
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FIGURE 11-12.—Surface cooling as a function of time for
the first’ lunar night, as deduced from thermocouple

measurcments. Two theorctical curves are given as refer-

ences. Curve A is the expected curve for a conductivity
increase with depth, starting at a depth of 8 cm; cutve B is
the theorctical curve for a tempereture-dependent con-
ductivity. The data from refcrence 11-16 are included for
comparison. Conductivity as a functicn of depth for the
curve A data is shown in the inset.

materials of differing thermal conductivity. Such
interfaces, if present at all, are hidden in the lunar
interior, and only a qualitative discussion of the
effects can be given.

Probe 1, from which data were used for the
preliminary determination of heat flow, is located in
a small crater thot has been almost filled andg ncarly
obliterated by later bumbardment. The topography
associated with this old crater is so subdued that ne
correction for the topogiaphy is required. However,
the possibitity remains that the event that produced
this crater also locally aitered both the thickness and
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the physical properties of the regolith. The truth of
this hypothesis cannot be verified because no observa-
tional evidence is available; however, after the data
from probe 2 have been analyzed, a comparison of
the two heat-flow values may provide more informa-
tion. ' o :

= The two most conspicuous and important topo-
graphic features near the heat-flow-experiment site

“are Hadley Rille and the Apenninc Front. The

topographic effect of the riile was calculated by
fitting the rille profile with a two-dimensional Lees-
type valley (refs. 11-17 and 11-18). This procedure
results in a correction of 4.5 percent, ard further
allowance for the Elbow, where the rille abruptly

. changes direction, reduces the correction to 3.5

percent.

A second effect of the topograplly around the
Hadley Rille site is that the surface in the arca is
shaded during part of the day; consequently, the
average surface temperature is lower than flat por-
tions of the lunar surface. This local cold-spot effect
has been estimated quantitatively in two ways. The
radiation balance for a point halfway down the rille
wall (including faciors for incoming solar radiation
and radiation from the opposite wall), at appropriute
times of the lunar day, was calculated and used io
derive the mean temperature in the rille. Alterna-
tively, the temperature at the vertex of the rille,
which was assumed to have a sym:netrical V-shape,
was calculated from the solar input alone; for this
geometry, the vertex sees neither wali. The temperu-
ture was assumed to vary lincarly from the vertex to
the top of the rille. The radiation-balance method
resulted in a correction of 5 to 10 percent, and the
vertex method resulted in a correction of 10 to 20
percent. The former value is considercd to be the
more reliable, mainly because the profile of the iiiie
does not particularly rescmble a V-shape. A correc-
tion of 10 percent is considered to be reasonably
close to the uppet limit of the effect that results from
the coid rille wall. :

The thermal effect of the Apennine Front was
estimated in a preliminary way from the two-dimen-
sional-slop2 method of Lachenbruch (ref. 11-19). Ry
asswiiing two-dimensional symmetry, the curves givea
by Lachienbruch indicate that the correction, which is
negative in this case, is 10 percent at a muaximum,.
Actuaily, the heat-flow-experiment site is in an
embayment in the Apeanine Front, which invahdates

‘the two-duaensional approximation and reduces the
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~ correction. A correction of § percent would be mors

realistic.

In summuary, the tepographic cffect of 1ladley

Rille is approximately canceled by the effect of the

‘Apennine Front, which lcaves only the cold-spot

effect of the rille as a remaining correction resulting
from the visible topography. This latter correction is
the largest dorrection, in any case, and seems most
likely “to approximate 10 percent of the measured
heat flow.

Implications of the Results

In this section, the view was adepted that the heat

flow observed at the Hadley Rille site is representa-

tive of the moonwide value,.in spite of the possibili-
ties of local and regional disturbances and large-scale
variations in the lunar heat flow. Thus, the measure-
ment is considered at face value, with full realization
that future measurements may produce major
changes in the conclusions. Because of the prelimi-
nary nature of the resulis, simple models were used
for this zeport. Only ihe linear equation of heat
conduction was considered, for which the thermal
diffusivity was constant.

The value that is considered to be an upper limit
to the heat flow résuiting from the initial heat is
calculzted by assuming that, at the end of a convec-
tive stage in the early history of the Moon, tempera-

" tures throughout the Moon lay along the solidus for
lunar basalt (ref. 11-20). After 3 X 10° yr, the heat

flow resulting from these very high initial tempera-
tures is in the range of 0.2 X 10~¢ to 0.4 X 107°
W/cin?. If, as suggested by the greater ages of all
known lunar rocks, partial melting throughout the

- Moon tock place “eatlier, still lower values of heat

fiow would be associated with the initial heat. It is
likely tha: the assumed initial temperatures are too
high; howevcer, by revising the assurned temperatures
downward, the flux fiom the initial heat is further
reduced. The initial heit contributes little to the

present lunar heat flow. and the contiibution can be
neglected for present purposcs.

The major portion of the heat flow from the Moon
probably results from radioactive heat generation in
the interice. It is possible to construct an infinite
number of models based on nonuniform distributions
of radioactivity; however, in this report, the discus-
sion was confined to consideration of the Moon as a
sphere with uniform and constant internal heat
generation. The ratio of the surface heat tlow gq
(expressed .in 107¢ W/cm?) and the heat production
Q (expressed in 1073 W/em?®) is shown for scveral
times in the following list.

Time, yr q/Q, cm
3X 10° 322 X 107
4 . 358
5 - 3.89
Infinite 5.78

With a lunar heat flow of 3.3 X 107 W/em?, the
value of Q must be in the range of 0.57 X 107'3 to
10X 107 L{W/cm;‘. This numberisfar lower than the heat
production of lunar basalt, which has a value of
approximately 3.5 X 107!'3 Wicm3?. However, the
basaltic rocks are presuinably differentiates that are
far more radioactive than the parent material. On the
other hand, ordinary chondrite und type 1 carbona-
ccous chondrites gencrate heat at rates of approxi-
mately 0.17 X 107'7 and 0.22 X 107" W/em?,
respectively. The respective average rates of heat
gencration over the last 4.5 X 10% yr are 0.61 X
1073 and 0.67 X 107'% W/cm®. Lven these last
figures are Luarely sufficient to provide the necessary ™~
flux. The conclusion is that, if the observed lunar
heat flow originates from radioactivity, then the
Moon must be more radioactive than the classes of
meteorites that have formed the basis of Earth and
Moon models in the past.
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APPENDIX

Equilibration of an Infinitely Lohg Cylinder
in a Homogenecus Medium by Conduction

" In this appendix, the theory of the cooling of a
~ cylinder by conduction is reviewed and applicd to the
heat-flow  probe. Cylindrically shaped probes are
commonly used in making geothermal measurements,
and, as a consequence, the theory of heat flow in
cylindrical coordinates has been thoroughly investi-
gated (refs. 11-11, 11-14, and 11-21). The investiga-
tion of the effect of a finite contact resistance
between a cylinder and the surrounding medium (ref.
11-14) is varticularly applicable to probiems of the
cooling of the lunar probes. In this appendix, the
solution (ref. 11-14) has been cxtended to a some-
what more complex model that includes a solid
cylinder inside a thin-walled concentric cylinder
which, in turn, is surrounded by an infinite medium
with a conductivity k. The cylinders are assumed to
be perfect conductors; that is. esch cylinder is
isothermal, which is very noarly true in the case of
the heat-flow probe. Coniact resistances exist at the
two cylindrical boundaries. In this model, the inner
cylinder is an idealization of the heat-flow probe,
which is radiatively coupled to the borestem (the

concentric cylinder). The berestem, in tuin, loses
heat by conduction to the surrounding regolith, of

-conductivity &} through a thin zone of lunar materia
that has been disturbed by drilling and, hence, has a
different conductivity. The initial temperature of the
surrounding infinite medium is zero; and, initially,
the two inner cylinders have a temperature vg.

By defining the dimensionless paramieter 7as k£/b?
(where « is the thermal diftusivity of the surrounding
infinite medium, ¢ is time in scconds, and b is the
radius of the outermost cylinder), the ratio of ithe
inner-cylinder temperature ¥(7) to the inner<cylinder
initial tenperature vy is given by

£
vir)

(- a?) exp (o2 )

where

a=2mb2pc/(S, + S,)

h= k/sz )
A= S,vk/b*(S, +53)
B=x[b?
v=38,/2nall,

a = radius of the inner cylinder (heat-flow probe)
in centimeters
" b = outer radius of the concantric outer cylinder
(borestem) in centimeters '

S.,5, = thermal heat capacities per unit Jength of the
inner and outer cylinders, respectively,
W.sec/em-K

H,,H, = contact conductances at the inner- and outer-

cylinder boundaries, respectively, W/em? K

p = density of the surrounding material, g/em?®

¢ = heat capacity per unit mass of the surround-
ing material, W-sec/g-K

k = thermal conductivity of the surrounding ma-
terial, W/em-K

k = thermal diffusivity (k/pc) of the surrounding

. material, cm? /sec

Also, Jo(u), J, (1), Yo(u), and Y, (1) are the zero- and
first-order Bessel functions of the first and second
kinds.

By following the method described in reference
11-11, the expression on the right-hand side of
equation (11-12) can be redesignated j(A,h,0.7);
therefore, equation (11-12) can be written as v(r)/vq
= fld,ho7). A more complete derivation of equa-
tion (11-12) and the resulting tabulated vidues will be
published at a later date. Two typical plots of
HA o) are shown in figure §1-8. Tle values of A

Yoo Je u(!;zl YRR [m(1 - Au2)-- at - 82 ed? - Q- A vy - (R Q- AW) - a(t - 8:2))y oy ?
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.and /13 that were used for computing the theoretical
" curves are given in table 11-1. Other parameters area

=333, /1, =3.25X 107 Wem?- K, y = 145 scc,
and a and b are 0.95 and 1.259 cm, respectively. ,
By using asymptotic values of the Bessel functions

for large values of 7 (after a imethod outlined in ref.

11-21), a solution that is valid for long times can be
derived as follows.

L .‘"[‘*[(:1—;;] vz mn(;)} (11-13)

‘where In (§) = 0.5772 (Euler’s constant). The

long-term solution exhibits some interesting features

' ‘of the function f(4,h,a.7). At long times (7 > 20), the

function becomes nearly equal to (Qar)™, or
(4knt/S; + S,)', which is independent of pec. A
log-log plot of f(4,h,«,r) is shown in figure 11-8; for
long times, the function describes a straight line with
a slope of very nearly —1. This property of ths
function enables the temperature histories to ‘be
extrapolated to equilibrium values by the procedure
described in the text of this section and a value for k
to be determined independently of pc from long-time
portions of the cquilibration curves. In addition, as
shown by equation (11-13), the contact conductances
H, and H,, which are contained in the constants y
and h, become less important with time (because they

~are multiplied by 1=2).
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